Abstmct-Mode coupling at bends in optical fibers supporting one or only a few guided modes is analyzed by considering the local normal modes for the corresponding straight waveguide. Matrix elementsgiving the strength of coupling between guided modes at a corner bend, and for coupling between guided modes and radiation modes, are calculated as a function of guiding strength for this "geometrical" effect. The correction to these matrix elements due to the longitudinal strain in a bent fiber is also determined. The increase in propagation constant for the fundamental mode of a fiber wrapped in a coil of constant radius is calculated from information on the coupling strengths and mode propagation constants. The phase shift and attenuation of the fundamental mode caused by a spatially periodic microbending of the fiber axis are also considered. Finally, potential applications of these effects in fiberoptic devices such as mode converters, phase shifters, switches, and sensors are discussed.
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I. INTRODUCTION ENDS IN OPTICAL FIBERS cause power propagating in
guided modes to be lost by coupling to radiation modes. This type of loss is experienced in fibers wrapped around mandrels or deployed in flexible cables, and at splices between fibers if angular misalignment is present. Minimizing the losses produced by large numbers of "microbends" is a serious concern in the design and fabrication of fiber cables. Losses produced by microbends have also formed the basis for fiber-optic sensors using mechanical transducers to produce a perturbation which is periodic in the direction of the fiber axis.
Several methods have been developed for calculating the loss in guided modes of a fiber which is bent in a circle of constant radius [ 11 - [7] . For such a circular bend, the length-dependent loss to radiation modes appears as a small imaginary component in the propagation constant of the guided mode.
However, coherent coupling between guided and radiation modes when the bend radius changes rapidly over short distances is not easily analyzed by such methods.
Another approach is based on the local normal modes of the straight waveguide. This method has been used in treating a corner bend joining two straight fiber sections
[8] -[ 111 . In that case, the bend causes a rotation of the phase fronts of the local modes in one waveguide section relative to the phase fronts in the adjacent section. This angular displacement of phase fronts can be treated as a perturbation which causes mode conversion in the propagating wave. By determining the matrix elements which give the strength of coupling between the various guided and radiation modes, it is possible to treat coherent coupling effects for a succession of corner bends or for a continuous bend [ 121 , [ 131 . This paper analyzes several aspects of the fiber-bend problem using the local normal-mode approach. Matrix elements describing the strength of coupling at a corner bend between the fundamental (LP,,) mode and radiation modes, and between the LPol modes and LPll modes, are calculated as a function of the normalized frequency u. Using a sum rule, the mean propagation constant for the radiation modes excited at the corner bend is also determined. This information is used to calculate the increase in the real part of the propagation constant for the fundamental mode in a continuous bend. Changes in both the phase and intensity of the fundamental mode induced by spatially periodic microbending are investigated. Some possible applications of these effects are discussed.
MODE COUPLING AT A CORNER BEND
A straight section of waveguide will be considered first. It is assumed that the refractive index y1 is a real quantity which varies only in the xy plane and that wave propagation is in the positive z direction. Further, the refractive index in the waveguide material is assumed to vary slowly (Xl'Shl/n << l), where X is the free-space wavelength, so that the scalar wave approximation can' be used. A Cartesian component of electric field for a particular waveguide mode can be written V(x, y, z) = u(x, y ) exp (iwt -ipz)
(1) where u satisfies the reduced Qu = p2u.
Here wave equation
( 2 )
in Cartesian coordinates and a 2 l a 1 Fig. 1 . Local coordinate axes for a corner bend in a dielectric waveguide. A rotation of the axes takes place at an interface plane defined by the bend.
malized such that (yly') = 6,,1 = 0 if y # y', 6,,1 = 1 if y = y', and the notation is used here and throughout the text. It will also be assumed that the solutions to ( 2 ) are a complete set of functions, so that any function f(x, y ) can be written The effect of a corner bend will now be considered. It will be assumed that the fractional increase in refractive index in the waveguide core is small, so that power reflected at the bend can be neglected [ 121 . Further, it is assumed that all the power in the incident wave is in a guided mode. A local coordinate system in which the z-axis coincides with the waveguide axis and rotates by an angle $J at the bend will be used for both incident and transmitted waves, as illustrated in Fig. 1 
It is convenient to normalize the mode amplitudes such. that the power P, is given by P, = a;a,, and also to normalize the incident power to unity by letting ci = 1.
A sum rule will now be introduced as a tool for obtaining information on mode conversion [13] . The theorem of interest states that
where S and Tare operators, and the summation extends over a complete orthogonal set of functions { l j ) } . This result will now be used to investigate coupling to radiation modes at a corner bend. First, from (6) and (8), the total power coupled from the incident mode to other modes at the bend APi is given by From (9) it follows that APi = (i IH*HI i), and, from (7) A Pi = $J2o; (i [ x 2 1 i). (10) Power coupled into guided modes Pg can be calculated from
AP, =
(~I H * ~m~m IHIi>
(1 1)
and the power coupled into radiation modes is
Note that these, as well as subsequent results, are obtained without explicit knowledge of the radiation mode field distri-
Another quantity of interest is a power-weighted mean propagation constant for radiation modes excited at a bend &.,
The quantity is useful in determining an "effective coupling length" for the radiation modes and one of the guided modes. Best phase matching, when a mode with propagation constant p, is coupled to the radiation modes by a perturbation with spatial period A, will occur when A -21~/(/3, -E). To determine %, it is first noted that (elN IT) = P$Nlr) (13) with Q given by (3). The mean value of o Z N , N = 1 , 2 , 3 , . . . , for all modes excited at the bend (excluding the incident mode I i)), is given by a;a,p$N) /APi. is obtained with a = n2 ko t ap,. It was assumed that A 0 << Specifically, in the weakly guiding approximation the nzko for radiation m&s which receive a significant amount for Lpol and the degenerate L p l l modes can be written of power, making it possible to neglect terms in (AP)' in (18).
Finally, it is of interest to determine the deviation in propagation constant from the mean for radiation modes. This equation, in conjunction with (16) and (20), will be applied in the next section to obtain the numerical results for a single-mode fiber given in Table I. bation formulas derived above in conjunction with the LP approximation should
give accurate first-order approximations to intermodal power transfer and phase shifts induced by bends, although it is understood that the calculation of precise dispersion curves should make use of the vector wave equation solutions. At this point it is convenient to introduce a matrix element (RZ), which will be defined as ca (R;) = 2n I fi(r)fi(r) rn dr.
(28)
Normalization requires that @Ao) = 1 and (Ril) = 2 , and it follows immediately from (22) and (24) (29) The formulas of the preceding section will now be applied to A P , , = $ a' (R:,) (30) calculate the strength of coupling between modes and the mean propagation constant for radiation modes excited at a A P I l y = a' (R:,) ( 3 1) corner bend in a step-index fiber. Refractive indices for the ~p~~~~~ = 4 a2 (R;,)' core and cladding of the fiber are nl and n 2 , respectively, and the core radius is a. It is assumed that (nl -n2)/n1 << 1, so o p o l c t l l y = 0.
(32) that the normalized frequency u can be written
Results for the strength of coupling between guided modes, aud u = koad2nz(nl -n 2 ) .
between guided and radiation modes, are plotted in Fig. 2 for step-index fibers in both single-mode and multimode regimes.
Values of (I?;) used in calculating the coupling strength were evaluated by numerical integration, using field distributions fi(r) obtained by solving the appropriate eigenvalue equation
It is interesting to note that coupling from the fundamental mode to radiation modes becomes very weak above cutoff for the LPll mode. For u > 3, less than 1 percent of the power lost by the LPol mode is coupled to radiation modes.
A similar result was reported for the slab waveguide [13] .
Another quantity of interest from the standpoint of coherent coupling is the mean propagation constant for radiation modes excited at a corner bend. In this case, we consider only coupling from the fundamental mode. For u < 5.52, the LPll mode is the only guided mode to which the fundamental mode couples in the limit of small 6. It follows from (18) that the quantity of interest is given by
and it can be shown from (16), (17), (29), and (32) that
with Po and p1 the propagation constants for the two guided modes. These expressions have been used in determining the dependence of the mean propagation constant for the radiation modes excited by coupling from the fundamental mode on the normalized frequency, which is plotted in Fig. 3 . Finally, values for the mean propagation constant for radiation modes excited at a bend and the root-mean-square deviation from that mean are given in Table I .
IV. PHASE SHIFTS FOR A CIRCULAR BEND
It is assumed here that the fiber is bent in a circle of radius R , in a manner such that the center of the core is strain-free. The optical path length change in the local coordinate system is x / R , where the center of the core lies in the plane x = 0. The change in propagation constant for the fiber modes calculated from first-order perturbation theory for such an antisymmetric perturbation is zero for a fiber with a cylindrically symmetric index profile [3] . The field for a guided mode for v Fig. 3 . Dependence of the propagation constants for the first two guided modes and of the mean propagation constant for radiation modes excited at a corner bend by coupling to the fundamental mode on the normalized frequency U.
the perturbed case can be written as a linear combination of the mode fields for the unperturbed case, and the propagation constants for the new mode experiences a second-order correction (i.e., a correction proportional to I?-'). For the fundamental mode, the effect of the perturbation is to increase the propagation constant. This change in propagation constant can be calculated by considering the coupling between the local normal modes. Differential equations describing the coupling between the fundamental mode of amplitude a, e-ip0z and the other guided and radiatlon modes with amplitudes
with KO? and k y O the coupling constants, and It is assumed that for z = 0 all of the power is in the fundamental mode, and that only a small part of the total power is coupled into the other modes. Integrating (36) with
slowly varying then yields an approximate expression for the coefficients for z > 0. Substituting this result back into (35) yields the result (39) The average value of the oscillating exponential term in this expression will be zero, but the other term will produce a change in the propagation constant SO for the guided mode.
Neglecting the oscillating term, the mode amplitude can be written in the form TAYLOR: BENDING EFFECTS IN OPTICAL FIBERS 621 Substituting forao in (39) yields the result that But since K~~ = -K ;~ for co-directional coupling, then this reduces to
The numerator of this expression is related to the strength of coupling between the modes, while the value of the denominator is determined by the difference in propagatiqn constants for the coupled modes. It is possible to use the information in Figs. 2 and 3 to estimate the change in effective propagation constants. For a section of circular bend of radius R and length 6z, the power loss can be written
and this loss approaches that of a corner bend of angle @ = 6z/R as 6 z + 0. Thus, we can write
where AP is the loss for a corner bend. Using this result, (42) can be written (44) In the single-mode regime, we interpret the summation in the numerator to be equal to the total power coupled from the fundamentai mode to radiation modes, while the denominator is approximated as the difference between the propagation constant of the fundamental mode and the mean of the radiation mode propagation constants, Le., 60 -APo/R'@2(po -g ) .
In the multimode regime where coupling to the LPll mode dominates, the summation is approximately the LPol ff LPll coupled power divided by the difference in propagation constants between the two modes, i.e., 60 -APo/R2@2(/30 -Dl).
The results in Fig. 2 for the couplihg matrices apply to the single corner bend joining two straight sections of fiber as illustrated in Fig. 1 . For a bent fiber, the strain-optic contribution to the coupling must also be considered. The dominant stress component is given by uz = xE/R, with E Young's modulus for the fiber material. It is easily shown that the strain components are then given by E, = ey = -ux/R, E, = x / R , with
The change in the refractive index 6n for polarization in the x y plane is 6n = -( n 3 / 2 ) C pjjej (45) with pii the strain-optic coefficients. For a glass fiber, it follows that Sn/n = x(x/R), with
For a silica fiber, with pll = 0.12, p 1 2 = 0.27, u = 0.17, n = 1.46 [ 171, it is found that x = -0.22. The total optical path length change over a distance z in a bent fiber is nkoz( 1 t x)x/R. Thus, the "geometrical" coupling coefficient K is reduced by the factor 1x1 (22 percent in a silica fiber) due to the strainoptic effect. The effective index change in a bent silica fiber is thus (1 + = 0.60 times that calculated using (44) with matrix elements for the geometrical effect alone. Numerical results for the change in effective index for a silica fiber induced by a circular bend of radius R are plotted in Fig. 4 .
It is of some interest to compare the phase shift calculated above with that induced by the compressional strain ih the fiber [16] . For a silica fiber, the change in the effective indexes n, and ny are given by
with b the fiber radius. Unlike the "geometrical" effect and its strain-optic correction plotted in Fig. 4 , the compressional strain produces birefringence, and the magnitude of the effect depends on the fiber radius. The effective refractive index increases for both polarization states.
Using the values n = 1.46, Pll = 0.12, Plz = 0.27 and u = 0.17, these expressions become 6n,/n = 0.039 b2/R2 and 6ny/n = 0.133 b 2 / R 2 . For a fiber with a diameter 2b = 100 pm, R26n,/n = 9.75 X lo-' cm' and R26ny/n = 3.33 X cm'. By comparison, from the data of Fig. 4 , for a fiber with u = 2.2, 2a = 5 pm, n1 -n2 = 0.00463, and h = 0.83, then R2An,/n = 6.29 X cm2. In this example, the index change due to the geometrical effect (Fig. 4) is roughly twice that due to longitudinal compression for n y , and a factor of seven larger than the change in n,.
V. PATH OF A FIBER SUBJECTED TO A PERIODIC SEQUENCE OF BENDS Considerable research has been carried out on microbend sensors employing graded-index multimode fibers [ 181 - [20] .
In these devices, a sequence of bends which is periodic in the direction of propagation causes coupling between guided modes of the fiber, and between guided modes and radiation modes, resulting in a net loss in guided-mode power as it propagates through the microbend region.
In order to calculate the expected degree of mode coupling in a fiber caused by a periodic microbend structure, it is first 622 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. LT-2, NO. 5, OCTOBER 1984 Fig. 5 . Fiber subject to a spatially periodic perturbation. the z-direction to minimize %e strain energy, then ezo = 0. However, if the fiber is attached to the transducer or constrained by friction, then a displacement of the transducer will cause the fiber to stretch. In that case, assuming that the fiber axis is straight and unstressed in the absence of a displacement of the microbend transducer, then when a displacement is applied
where the integration extends over one period of the micronecessary to determine the trajectory of the fiber axis. Such a bend transducer. Since @ is assumed to be small calculation was carried out previously for a single bump causing a localized displacement of the fiber axis [ 2 1 ] . The geometry is illustrated in Fig. 5 , where it is assumed that the fiber path 2 A is constrained by the transducer oaly at the points of contact separated by a distance A / 2 in the z-direction. The displace-Substituting these results into (54) Yields ment of the fiber axis produced by the microbends can be written V=*
8
with A the spectral period of the microbends, and ci = (4j + for the total strain energy Vin a fiber len@hL. From (51), it
2 ) rr. The total displacement 6 in the x-direction is given in follOws that terms of these coefficients by Substituting (58) and (59) into (57) 
Two limiting cases will now be considered. If the fiber radius b -+ 0, then it follows from (63) that Ai = ( C~/ C~)~A~ = A 0 / ( 2 j + 1)2, j = 0, 1, 2,3, *. (64) Since ZFo ( 2 j + 1)-2 = n2/8 [23] , then it follows from (SO) that A. = 46/n2 = 0.4056. The curve defined by (49) using these coefficients is a sawtooth with peak-to-peak distance 6 and period A.
The second limiting case occurs when 6 << b. Since A? -6', the first term in (63) can be neglected and
Since ( 2 j + 1)-4 = n4/96 [23] , then it follows from (49) that A . = 486/n4 = 0.4936. The trajectory of the fiber is close to that of a pure sinusoid of period A. This should be the case in most practical applications of the periodic microbend, where it is expected that 6 << b. It will also be the case if the fiber is free to move in the z-direction to minimize strain energy, since in that case the first term in parentheses in (60) will vanish. Then using this expression for A . and recalling that co = 2 n, the strain energy in (60) 
A4 n A4
and the force for a given displacement F6, equal to a V / % , is
148.6b4EL6 F =
A4
(67)
It is interesting to note that the quantities K&, which are proportional to both power loss and induced phase shift for the fundamental mode, are proportional to a2/A4 as a consequence of (43), (SO) , and (52). Thus, for a displacement sensor of high sensitivity, small values for the spatial periodicity A are favored. On the other hand, for high sensitivity to force (or pressure), where the restoring force is provided by the elasticity of the fiber itself, it follows from this result and (67) that K ; , is proportional to A4F2/b8. For that type of sensor, large values for the spatial periodicity and very small fiber radii are preferred.
VI. MODE COUPLING CAUSED BY A PERIODIC MICROBEND STRUCTURE assumed that the fiber follows a sinusoidal trajectory given by
Following the analysis of the preceeding section, it will be -----
Then the usual coupled-mode equations (35) and (36) can be used, with 
. y e Substituting this result back into (35) then gives [A& -(27~/A)~ Note that this result is similar to that for the circular bend in (42) when A -+ 00. The form of the denominator in (75) suggests that if the bend period can be adjusted to achieve an effective phase matching between the fundamental mode and the modes excited at the bend, large phase shifts might be possible.
For large z, the power loss from 'the fundamental mode is determined by coupling to radiation modes for which the phasematching condition is approximately satisfied, i.e., for Aoy - So from this relation, it follows that the power attenuation coefficient a for the fundamentai'mode is given by
The preceding discussion applies to the single-mode fiber. In the multimode regime, the dominant coupling from the fundamental LPol mode is to the LPll mode. If coupling to radiation modes is neglected, and the period of the perturbation is adjusted so that the phase-matching conditions Pop1 = 2n/A is satisfied for the two guided modes, then to a good approximation the coupled-mode equations (35) and (36) can be rewritten simply as where, from (24) and (69) 2n26 ( of the phase shift and power conversion require a knowledge of how the strength of coupling from the fundamental mode to radiation modes depends on the radiation mode propagation constant. It will be assumed that the power density for one bend is given by [ 131 where Ap = -2nn2/h, AP, is the total power coupled to radiation modes at one bend, and s and b are parameters determined such that the mean and standard deviations of the distribution in (85) are equal to and ur, respectively.
This requires that
The particular function in (85) was selected for the power density because it can be fit to independently determined values of E and ur and correctly predicts that no power is coupled to radiation modes if > 27rn2/h. For a single-mode fiber with u = 2.2, it is calculated that (hK/2.rr -n2)/(nl -n 2 ) = -0.126, and hu,/2n(nl -n 2 ) = 0.1 14 (see Table I ). Substituting these figures into (86) and (87) yields the values c = 9.67 and s = 0.221. The power distribution for radiation modes excited at a bend as determined in this way is plotted in Fig. 7 .
The data of Fig. 7 , in conjunction with previously derived results, can be used to predict both the phase shift and attenuation coeffficient as a function of the periodicity of the spatial perturbation. From (71) and (75), it follows that the change in propagation constant is given by This expression is plotted as a function of the period A for the fiber with u = 2.2 in Fig. 8(a) . Note the axis labeling applies to both generalized parameters and a specific set of fiber parameters and wavelength. In a similar manner, the expression for Fig. 8 . (a) Change in propagation constant for a fiber with u = 2.2 induced by a spatially periodic microbend perturbation of displacement 6. The solid curve is calculated numerically using the radiation mode power distribution of Fig. 6 ; the dashed curve treats the radiation modes as a "quasi-guided" mode with propagation constant &. the attenuation constant is, from (71) and (79) This expression is plotted as a function of A in Fig. 8 (b) for a fiber with u = 2.2. In the plots of Fig. 8 , the change in propagation constant and attenuation are expressed in terms of the displacement 6, but in many cases of practical interest the applied force per unit length is a more pertinent parameter. Fig. 9 plots the information in Fig. 8 in terms of the force applied to the microbend transducer, with (67) used to convert from displacement to force. Here the value E = 7.0 X 10" N/m is used [24,
The curves in Figs. 8 and 9 give the phase shift and attenuation in the limit of an infinitely long perturbation region, but the approximations used in obtaining those curves neglect oscillatory terms and initial (transition) losses. The effect of these terms is illustrated in numerical solutions to the coupledmode equations (35) and (36) for the phase shift and power loss as a function of length in the microbend region, as plotted in Fig. 10 for three different values of the perturbation period A.
Next, we consider the case of synchronous coupling from LPol to LPll mode. With u = 3.4, for example, it follows from the p. F-801. (83) and (84) to be 1.31 cm.
Finally, we consider the birefringence induced by a periodic sequence of bends. This is calculated from (47) and (48) (35) and (36), using the radiation-mode power distribution of Fig. 6 . The linear approximation curves were plotted to pass through the origins in each case, using slopes determined from Figs. 8(a) and (b). Numerical results for the effective refractive index changes for three different perturbation periods are summarized in Table  11 . It is interesting to note that for short-period microbends, the geometrical effect is of the opposite sign to that of the compressional strain index changes. Thus, it is possible to choose values for the perturbation period so that the net effective index changes for one or the other of the polarization states is zero. In the example of Table 11 , such values of the perturbation period are near 350 pm.
VIII. DEVICE APPLICATIONS Conventional microbend
sensors make use of a spatially periodic transducer to induce mode conversion in a gradedindex multimode fiber. A typical arrangement makes use of cladding mode stripping on both sides of the microbend region, and the transmission loss in the fiber is measured to determine the applied force or^ displacement of the transducer. The mode stripper on the input side ensures that only guided modes are excited by the light incident on the mode-coupling region. The second mode stripper removes the light coupled to cladding modes by the periodic perturbation, so that only the optical power remaining in the guided mode is detected.
The same configuration can be utilized with a single-mode fiber. The behavior of this type of displacement or force sensor is determined by the degree of coupling from the fundamental mode to radiation modes as indicated by the data of Figs. 8(b), 9(b), and 10. However, greater sensitivity is predicted for the configuration of Fig. 11 . In that case, the periodic perturbation induces coupling between two guided modes. A symmetric adiabatic taper on the input side will ensure that only the fundamental mode is excited in the multimode region of the fiber approaching the microbend perturbation. The higher order guided modes are then coupled to radiation modes at the second taper, and this energy is removed from the fiber by the second mode stripper. This leaves only the power which remained in fundamental mode after the microbend perturbation to be detected. Neglecting coupling to radiation modes, in the example of Section VI1 with u = 3.4, nl -112 = 0.00463, n2 = 1.46, 2a = 7.7 pm, and X = 0.83 pm, a lateral displacement 8 of only 0.0130 pm is needed t o produce complete power transfer from the LPol mode to the LPll mode in a distance of 1 cm.
A periodic microbend transducer can also be used in an in-line phase shifter for single-mode fiber systems. In that case, it might be desirable to choose a sufficiently long spatial period for the perturbation to avoid synchronous coupling from the fundamental mode to radiation modes. The performance of the phase shifter is complicated somewhat by the effect of the strain-induced birefringence, which adds to the (isotropic) geometrical effect [ 161 . Examples comparing the magnitudes of these effects are given in Table 11 . One approach to making a low-birefringence 'phase shifter by this technique would be to use two identical transducers in series, oriented at right angles to one another so that one is displaced in the x-direction and the other in the y-direction. However, in some cases it might be desirable to produce a phase shift for only one polarization state of the fiber. In this case, a judicious choice of the spatial periodicity could lead to cancellation of the phase shift for this polarization state, as indicated in the discussion of Section VII.
The phase shifter might also be used in a Mach-Zehnder configuration, as illustrated in Fig. 12 . In that case, the phase shift induced in one arm of the interferometer produced by the spatially periodic perturbation would affe,ct the distribution of power between the interferometer output ports. Such an interferometer could then be used as a displacement or force sensor, or as a four-port switch analogous to the coupled-waveguide switch in integrated optics [25] . Two different values for the transducer displacement 6 would correspond to "straight through" and "crossover" states of the switch. Finally,making use of the birefringence induced by the microbending, such a device could be used to separate the two polarization states of an incident wave (a fiber analog of a Wollaston or Rochon prism) [26] . In that case, the transducer displacement would be fixed to give the appropriate phase shifts (different by n-radians) for the two polarizations. It should be kept in mind that unless the fiber is oriented with its birefringence axes perpendicular to the direction of the transducer displacement, the transducer will induce coupling between the polarization states of the fiber. This is an important consideration in the design of any of the devices described above.
IX. CONCLUSIONS
Mode conversion at bends in optical fibers has been analyzed by considering coupling between local normal modes of a straight waveguide. Matrix elements giving the strength of coupling between guided modes at a corner bend, and for coupling between guided mode and radiation modes, have been calculated as a function of guiding strength u in both single-mode (u < 2.4) and multimode regimes. For constant core-cladding index difference ni -n2 and bend angle $, the fundamental (LP,,) mode loss has a minimum near u = 2.1. In the multimode region for u > 3.0, less than 1 percent of the power lost from the fundamental mode is coupled to radiation modes, suggesting that a corner bend can be used as an efficient LPol +-+ LPli mode converter.
A coupled-mode approach has been used to calculate the increase in the fundamental mode propagation constant resulting from a continuous circular bend. In this calculation, the mode coupling constants are determined from the corner-bend mode conversion matrix elements, reduced by a correction factor due to the longitudinal strain in the bent fiber. The increase in the fundamental-mode propagation constant from this "geometrical" effect is compared with the (birefringent) propagation constant increases resulting from compressional strain in the bent fiber. The effect of squeezing a fiber between the teeth of a spatially'periodic microbend transducer has also been considered. Based on strain-energy considerations, it is found that for transducer displacements which are small relative to the fiber radius, the trajectory of the fiber is close to a sinusoid. .Using a coupled mode approach, estimates are made of dependence of the phase shift and attenuation for the fundamental mode on the perturbation period, transducer displacement, and various fiber parameters. A characteristic coupling length, defined in terms of the propagation constant for the fundamental mode and the mean propagation constant for modes excited at a bend, is useful for discussing the effect of a periodic perturbation. For a given transducer displacement and set of fiber parameters, maximum attenuation of the fundamental mode is predicted for values of the spatial period near this coupling length. Greatest attenuation of the fundamental mode occurs in the multimode regime, with the perturbation period chosen to give synchronous coupling between the fundamental (LP,,) mode and the LPil mode. The effective change in the fundamental mode propagation constant is zero for a value of the perturbation period near this coupling length; the change is positive for longer periods and negative for shorter periods. Largest phase shifts for a given displacement are predicted for very short perturbation periods. However, when strain energy of the.fiber is taken into account, the displacement of the transducer in response to an applied force increases as the inverse fourth power of the spatial period. Largest phase shifts for a given force applied to the transducer are therefore obtained for long-period perturbations. The use of a fiber with a small outer diameter is strongly favored for a force sen-
